for the REACH Study and the PACTG 219/219C Study Objective: To longitudinally characterize noninvasive markers of liver disease in HIVinfected youth.
Introduction
Combination antiretroviral therapy (cART) has led to a reduction in AIDS-associated morbidities and mortality, but a parallel rise in illnesses and deaths from non-AIDS causes including cardiovascular, hepatic, and renal disease has emerged in adults [1] and children [2, 3] . Preliminary data suggest that HIV infection and ensuing inflammation may play a significant role in this process. HIV infection is associated with many hepatobiliary disorders, including hepatomegaly, steatosis, and elevated serum liver enzymes [4] [5] [6] [7] . There is evidence to suggest that HIV interacts directly with multiple liver cell types [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . Furthermore, some studies in adults have shown an association between control of HIV replication and favorable effect on liver fibrosis either by histopathology [18] , or by novel approaches such as transient elastography [19] , leading to speculation that these findings may be partly explained by interactions between hepatic stellate cells and HIV glycoproteins resulting in stimulation of collagen production [20] .
Concomitant hepatitis B and C virus infections significantly increase the risk of progressive liver dysfunction and end-stage liver outcomes such as cirrhosis, hepatocellular carcinoma and death in HIVinfected patients [21, 22] . The risks and low acceptability of liver biopsy for histopathologic diagnosis and monitoring of liver disease and fibrosis have prompted exploration of alternative noninvasive approaches. Noninvasive markers of liver disease such as the Fibrosis-4 (FIB-4) score [based on the serum aspartate aminotransferase (AST) and alanine aminotransferase (ALT), the platelet count, and patient age] and the AST-to-platelet ratio index (APRI), have both been validated for identifying liver fibrosis and cirrhosis in adults with viral hepatitis [23] [24] [25] [26] [27] [28] [29] [30] [31] . While experience with these makers is extensive in adults, only a single study has compared APRI and liver biopsy in children [28] and there is little experience with these markers in children with HIV infection [32, 33] .
We undertook this study to evaluate and characterize noninvasive biomarkers of liver fibrosis among HIVuninfected and HIV-infected youth. We hypothesized that there would be differences in these markers by HIV status and by route of infection among youth with HIV.
Methods

Study population
Reaching for Excellence in Adolescent Care and Health (REACH) was a prospective observational cohort study aimed at improving the understanding and management of HIV disease progression and comorbidities in HIVinfected and uninfected at-risk youth adolescents [12] [13] [14] [15] [16] [17] [18] years old in which sequential behavioral and biomedical assessments, including biological specimens, were obtained every 6 months from March 1996 through November 1999. Pediatric AIDS Clinical Trials Group (PACTG) 219/219C was a prospective, multicenter cohort study designed to assess the long-term consequences of HIV-1 infection and its treatment in infants, children, and adolescents, and of in utero and neonatal exposure to antiretroviral therapy (ART) drugs in HIV-1 exposed but uninfected infants born to women enrolled in PACTG clinical trials to prevent mother-to-child HIV-1 transmission. PACTG 219/219C also performed serial biomedical assessments and collected biological specimens from April 1993 through May 2007. This analysis included four separate cohorts for comparison: uninfected youth from REACH; behaviorally HIV-infected youth from REACH; behaviorally HIV-infected youth from P219/219C; and perinatally HIV-infected youth from P219/219C, with all four cohorts including only those with liver biomarker measurements available between the ages of 15 and 20 years. Individuals with known hepatitis B or C infection were excluded from this analysis, though routine testing was not required by the study protocols.
Determination of Fibrosis-4 and aspartate aminotransferase-to-platelet ratio index scores
The FIB-4 index is calculated as follows: The APRI is calculated as follows. The relevant clinical thresholds suggestive of fibrosis have been previously validated in adults: FIB-4 scores more than 1.45 and more than 3.25 and APRI scores of more than 0.5 and more than 1.5 are suggestive of mild-tomoderate and advanced fibrosis, respectively [26-28, 30,31] . Because both FIB-4 and APRI are functions of AST/platelets, a direct numerical relationship between the two measures can be expressed as FIB
Statistical analysis
The majority of HIV-uninfected youth in the REACH cohort had only a single measurement of liver biomarkers and the uninfected youth from P219/219C were too young to meet eligibility criteria. Thus, we first conducted a cross-sectional comparison of FIB-4 and APRI measures across all four cohorts defined by study, HIV infection status, and route of infection. Because the 219C perinatally HIV-infected (PHIV) youth (cohort D) tended to be younger than other groups, we based this cross-sectional comparison on the latest available measurement before or at age 20 years in this cohort, and the earliest measurement at age 15 years or older in the other three cohorts. FIB-4 and APRI measures were log-transformed for all analyses to more closely approximate a normal distribution.
Secondly, among HIV-infected youth, an analysis of the longitudinal measures between ages 15 and 20 years was conducted using repeated measures mixed effect linear regression models to estimate trends in log-transformed scores, adjusting for age, sex, exposure (behavioral or perinatal route of infection) category, and body mass index z-score (BMIZ). Specifically, this objective was addressed by fitting a model for each liver biomarker (FIB-4 and APRI) as a function of age at visit, with a random effect for participant to account for withinsubject correlations. The slope of the age coefficient was evaluated via a Wald test to determine whether there was a significant increase (or decrease) in each liver biomarker over time. Interaction terms between age and route of exposure were added to the model to evaluate whether the trends over age differed between perinatally vs. behaviorally infected youth.
Because FIB-4 and APRI have not traditionally been used in children under 18 years of age, two analyses were conducted to evaluate the internal consistency and agreement between these measures in a younger population. Concordance between the log-transformed FIB-4 and APRI scores was assessed by calculating Pearson correlation coefficients, overall and for each year of age between 15 and 20 years, and additional evaluation of these two biomarkers for this age range was conducted by evaluating within-person correlations for each separate liver biomarker to assess reproducibility. For the purposes of this longitudinal analysis, 'baseline' is defined as the earliest visit available for participants between ages 15 and 20 years.
Among HIV-infected youth with 2 or more visits, in those with low baseline scores (APRI 0.5 or FIB 1.5), we estimated and compared incidence rates of progression with higher scores during follow-up using Poisson regression models. In addition, the effect of cART on liver score progression was evaluated by fitting a mixed effect linear regression model similar to that described above. This model included an effect for cART initiation as a time-varying covariate, reflecting current use of cART at the time of liver biomarker measurement. These models were also employed to evaluate the association of CD4 þ cell count and viral load with longitudinally measured FIB-4 and APRI scores, again including a random effect of participant and a fixed effect of age to reflect trends over time. To evaluate the clinical utility of FIB-4 and APRI scores, Cox proportional hazards models were fit with the liver biomarkers as predictors (based on the earliest measure) of time to death or clinical progression, where clinical progression was based on transitioning to a CDC Class C [34] among those without such prior classifications. All models were fit using SAS version 9.2 (SAS Institute, Cary, North Carolina, USA).
Results
Population characteristics and correlation study
Of 4088 potential participants, 1785 met criteria for inclusion ( Fig. 1 ). Characteristics of the subgroups at the time the liver function tests (LFTs) were obtained are shown in Table 1 . The REACH cohorts had a higher percentage of women than did the 219/219C cohorts, with higher mean BMIZ. PHIV youth in PACTG 219/ 219C were more often on protease inhibitor-containing cART than the other groups, and had the best virologic and immunologic parameters. The HIV-infected cohorts were followed for a median of 2 years. On the basis of evaluation of the repeated measurements from ages 15 to 20 years, the withinsubject correlations for FIB-4 and APRI were 0.60 and 0.56, respectively, indicating similar repeatability of each liver biomarker over time. In addition, and as expected given their proportional relationship, there was a high correlation between the log-transformed APRI and FIB-4 measures (r ¼ 0.85), which did not vary by age (data not shown).
Association of HIV infection with Fibrosis-4 and aspartate aminotransferase-to-platelet ratio index scores
The cross-sectional analysis characterizing the distribution of FIB-4 and APRI scores by relevant clinical thresholds indicated that a higher percentage of HIV-infected than uninfected youth had APRI scores more than 0.5, suggesting at least mild-to-moderate fibrosis (13 vs. 3%, P < 0.001) ( Table 1) . Elevated FIB-4 was less common in both infected and uninfected youth (2 vs. 1%, P ¼ 0.42). In adjusted models, among the entire sample, being HIVinfected, men, and having a low BMIZ were each associated with an APRI more than 0.5 (each P < 0.02); among only HIV-infected participants, male gender, low CD4 þ cell count (<350 cells/ml) and unsuppressed viral load (VL) (>400 copies/ml) were each associated with APRI more than 0.5 (each P < 0.02).
In the cross-sectional analysis exploring the associations of HIV infection and other covariates with continuous (logtransformed) FIB-4 and APRI scores ( Table 2) , being HIV-infected and PHIV were each associated with significantly higher scores for both log APRI and log FIB-4. These differences also persisted after adjustment for potential confounders, including calendar year. Youth of older age, male gender, nonwhite race, low BMIZ, low CD4 þ cell count, unsuppressed viral load, and prior or current didanosine use had significantly higher log FIB-4 scores; these findings also held for log APRI scores except that age, race, or BMIZ were not significantly associated with APRI scores. Finally, prior or current stavudine use was not associated with either log FIB-4 or APRI scores.
Progression to Fibrosis-4 and aspartate aminotransferase-to-platelet ratio index scores suggestive of fibrosis more common than expected among this HIV-infected youth cohort During the study, the incidence of progression to FIB-4 scores suggesting mild-to-moderate fibrosis was 1.6 cases [95% confidence interval (CI) 1.2, 2.2] per 100 personyears, whereas the incidence for progression to APRI scores suggesting mild-to-moderate fibrosis was 7.5 cases (95% CI 6.5, 8.7) (Supplemental Table 1 http:// links.lww.com/QAD/A859). The incidence of progression to more advanced levels of fibrosis was 0.3 (95% CI 0.2, 0.6) for FIB-4 (defined as FIB-4 > 3.25) and 1.4 cases per 100 person-years (95% CI 1.0, 1.9) for APRI (defined as APRI > 1.5). Having a CD4 þ cell count of less than 350 cells/ml at the first visit between ages 15 and 20 years was associated with higher incidence rates of progression for each threshold evaluated for FIB-4 and APRI, with incidence rate ratios ranging from 2 to over 7 (Supplemental Table 1 http://links.lww.com/QAD/ A859). Incidence rates did not vary by any of the four subcohorts or baseline viral load (data not shown).
Predicted mean log Fibrosis-4 and aspartate aminotransferase-to-platelet ratio index increased over time but were attenuated by improvements in measures of HIV disease activity Longitudinal trends in mean log-transformed FIB-4 ( Fig. 2) and APRI scores (Fig. 3) were estimated, adjusting for potential confounders. The mean log FIB-4 scores, which are a function of age, increased by 6% per year of age, regardless of exposure category (P < 0.001) ( Fig. 2a) . In contrast, the mean log APRI scores only increased significantly among those with perinatal HIV Predicted scores were based on mixed effect models with a random effect for each participant to account for within-subject correlation over time. APRI scores were estimated to increase by 2% per year for perinatally infected youth only, were 24% higher for men than women, 21% higher for those with CD4 þ less than 350 vs. more than 350 cells/ml, 23% higher for those with viral load more than 400 copies/ml vs. less than 400 copies, and 17% higher for those on no ARVs vs. on ARVs. APRI, aspartate aminotransferase-to-platelet ratio index.
infection, by 2% per year of age (P ¼ 0.007) (Fig. 3a) . For both biomarkers, there was no association with calendar year and increases with age persisted after adjustment for calendar year.
When FIB-4 and APRI score trajectories were further evaluated longitudinally by the demographic and clinical characteristics described, there were clear and statistically significant differences among all parameters but BMIZ (Figs 2c and 3c ). FIB-4 score trajectories were, on average, higher by about 13% in men (P < 0.001) (Fig. 2b) , 19% in those with CD4 þ cell counts less than 350 cells/ml (P < 0.001) (Fig. 2d) , 17% in those with unsuppressed VL (P < 0.001) ( Fig. 2e ) and 12% in those not on any antiretrovirals (P < 0.001) (Fig. 2f ). APRI score trajectories were, on average, higher by about 24% in men (P < 0.001) (Fig. 3b) , 21% in those with CD4 þ cell counts less than 350 cells/ml (P < 0.001) (Fig. 3d) , 23% in those with unsuppressed VL (P < 0.001) ( Fig. 3e ) and 17% in those not on any antiretrovirals (P < 0.001) ( Fig. 3f) . No interactions were observed between any of these characteristics and increasing individual age.
Progression to CDC class C disease and/or death was associated with lower BMIZ, higher HIV viral load and lower CD4 þ cell counts in unadjusted models, with an approximate 2-fold higher risk of progression for each log increase in either baseline FIB-4 or APRI score (Supplemental Table 2 http://links.lww.com/QAD/ A859). However, once adjusted for BMIZ, CD4 þ cell count, viral load, and receipt of ART (variables that are more tightly associated with disease activity) these associations were attenuated and no longer significant.
Discussion
We demonstrate, in the largest cohort of its kind and in a young population likely free of liver comorbidities such as viral hepatitis, diabetes, and substance use, that HIV infection is an important and independent contributor to liver fibrosis score elevation and progression, and that factors associated with uncontrolled HIV replication were predictive of higher APRI and FIB-4 scores over time.
Our findings were generally consistent with those from other studies [23, 25, 29] . In their evaluation of FIB-4 markers in HIV-monoinfected women, the associations of low CD4 þ cell count, detectable viral load, and ART use in the study of Blackard et al. [23] were consistent with our findings. Among those who evaluated specific ART backbones, DallaPiazza et al. [25] did not find an association between either stavudine or didanosine use and an elevated APRI among HIV-monoinfected adults, in contrast to our finding of an association with didanosine but not stavudine; however, small numbers may contribute to these findings. The association of higher APRI scores in men has also been previously reported [29, 35, 36] and includes attribution to possible Predicted scores were based on mixed effect models with a random effect for each participant to account for within-subject correlation over time. APRI scores were estimated to increase by 6% per year, were 13% higher for men than women, 19% higher for those with CD4<350 vs. >350 cells/ul, 17% higher for those with VL>400 copies/mL vs. <400 copies, and 12% higher for those on no ARVs vs. on ARVs. APRI, aspartate aminotransferase-to-platelet ratio index.
greater alcohol use among men than women, as well as other biological, environmental and psychosocial influences. Our study is limited in exploring this as our larger subcohort (PACTG 219/C) did not systematically collect data on substance use. Finally, the association of higher FIB-4 scores with low BMIZ probably reflects underlying poor control of HIV disease activity, though this should be interpreted cautiously as it was not consistently found with APRI scores.
To understand the clinical relevance of our findings, we evaluated the prevalence of liver marker score elevation among our cohort using thresholds previously established by others to be suggestive of varying degrees of fibrosis. Congruent with our above findings, the prevalence of evidence of at least mild-to-moderate fibrosis or worse (APRI > 0.5 or FIB-4 > 1.45) was also consistently higher among HIV-infected participants compared with their uninfected counterparts, though only statistically significant for APRI. Our prevalence rate of APRI more than 0.5 and more than 1.5 was 10 and 2%, respectively, which was comparable to another domestic study of HIVinfected children whose rates were 6.5 and 0.8% [33] , respectively, and slightly lower compared with a Latin American study of HIV-infected children whose rate of APRI more than 1.5 was 3.2% [32] . The smaller evaluable sample for FIB-4 showed a similar trend that did not achieve statistical significance. Only male gender, low CD4 þ cell count, and detectable HIV viral load were found to be independently associated with achievement of an APRI score suggestive of mild-to-moderate fibrosis or worse, which is consistent with findings from the Latin American pediatric cohort with perinatally transmitted HIV-infection [32] .
Few studies have evaluated the incidence of progression of noninvasive markers of liver disease over time [29, 33] and only one was in HIV-infected children. This pediatric study only evaluated APRI and, while their rate of progression to an APRI more than 0.5 was comparable to ours, that of APRI more than 1.5, which is suggestive of significant and advanced fibrosis, was almost threefold higher among our cohort. FIB-4 has not been previously evaluated in children. Among the Italian adult cohort, the rates of progression to APRI more than 0.5 and more than 1.5, and to FIB-4 more than 1.45 and more than 3.25 were very comparable to our findings for APRI but were several fold higher for FIB-4 among the adult group [29] . This latter difference may be in part because of the age factor in the FIB-4 formula, something that is currently being evaluated as part of a separate analysis. The finding that a low CD4 þ T-cell count, but not a detectable HIV viral load, at the first visit between age 15 and 20 years, was predictive of progression to higher APRI and FIB-4 scores probably reflects the greater contribution of a more stable measure of HIV disease activity such as CD4 þ cell count than would be of a more dynamic indicator like viral load.
Finally, no studies have examined the longitudinal trajectories of APRI or FIB-4. After adjustments, the predicted mean log-transformed scores significantly increased over time for APRI and FIB-4; however, the magnitude of the increase was lower for APRI than FIB-4 and only significant among the perinatal cohort for APRI, which again suggests that the age in the FIB-4 formula may be playing a role in these differences. When looking at these scores by demographic and clinical characteristics, the predicted trajectories for the mean log APRI and FIB-4 scores were, on average, 13-28% higher for parameters mainly associated with poor control of HIV disease activity. Taken together all of these data suggest that active, uncontrolled HIV replication for prolonged periods that leads to immunodepletion and worsening of disease activity, results in increased surrogate markers of liver disease and that ART receipt mitigates these outcomes.
Our study does have some notable limitations. Liver histopathology was unavailable to validate our results. We could not ascertain any potential contribution of nonalcoholic fatty liver disease [37] , although it is reassuring that the only association we found was among those with the lowest BMIZ and higher FIB-4. Also, the experience with FIB-4 markers has been limited to adult patients with liver disease and/or HIV infection and has not been evaluated or validated in children. Additionally, FIB-4 and APRI depend on platelet counts which, in general, are not as affected in our younger population (e.g., in contrast to longstanding advanced liver disease and cirrhosis seen in adults) and thus, the scores in our study may potentially underestimate the histopathologic severity of fibrosis. Data on the presence of diabetes and substance use were also not available. Finally, the absence of routine hepatitis virus surveillance could also be a potential limitation; However, given that routine liver function testing has been a standard of care for HIV-infected children (e.g. every 3 months), it would be unusual that a diagnosis of subclinical hepatitis infection would have been missed among an otherwise highly scrutinized research cohort.
In conclusion, the PACTG 219/219c and REACH studies have provided a unique opportunity to conduct an extensive, longitudinal evaluation of APRI and FIB-4 in a large cohort of children. Future studies might include liver stiffness assessments, novel biochemical markers, and validation with biopsy, to determine cause/effect relationships associated with therapeutic interventions or confounding variables and their impact on clinical outcomes. The validation of these noninvasive markers for identifying and monitoring liver disease would be particularly important for youth with perinatally acquired HIV infection who face a lifetime of HIV, ART and other potential risk factors for liver disease.
